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The non-structural protein 3 (NS3) of Hepatitis C virus (HCV) is a bifunctional enzyme with 
RNA-dependent NTPase/RNA helicase and serine protease activities, and thus represents a prom-
ising target for anti-HCV therapy. These functions are performed by two distinct moieties; the 
N-terminal protease domain and the C-terminal helicase domain that further folds into three 
structural subdomains. To obtain lower molecular mass proteins suitable for nuclear magnetic 
resonance studies of helicase-inhibitor complexes, helicase domains 1, 2, and 1+2 devoid of a hy-
drophobic β-loop were overexpressed and purified. Circular dichroism studies were carried out to 
confirm the secondary structure content and to determine thermodynamic parameters describing 
the stability of the proteins. Both thermal and GuHCl-induced unfolding experiments confirmed 
the multidomain organization of the helicase. The unfolding transition observed for domain 1+2 
was in agreement with the model of two well-resolved successive steps corresponding to the in-
dependent unfolding of domains 1 and 2, respectively. In the case of the full-length helicase, the 
presence of domain 3 remarkably changed the transition profile, leading to fast and irreversible 

transformation of partially unfolded protein.
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INTRODUCTION

Hepatitis C virus (HCV) is a monopartite sin-
gle-stranded (+)RNA virus, the type member of the 
Hepacivirus genus in the Flaviviridae family. It rep-
resents a serious worldwide epidemiological threat, 
infecting up to 3% of the population (180 million; 
WHO, 2007). Chronic hepatitis resulting from HCV 
infection develops in most cases into cirrhosis and 
highly increases the risk of cancer. There are neither 
fully efficient methods of treatment nor vaccines; 
even the new dual therapy with peginterferon and 
ribavirin is effective only in up to 63% of the cases 
(Hadziyannis et al., 2004). One of the most promising 
targets for anti-HCV therapy seems to be the viral 
non-structural protein 3 (NS3) because of its multi-

ple enzymatic activities: RNA-stimulated nucleoside 
triphosphatase (NTPase), RNA helicase and serine 
protease (Kwong et al., 2000; Bretner, 2005; Gordon 
& Keller, 2005). The helicase activity is indispensable 
for viral replication in vivo, presumably unwinding 
double-stranded replication intermediates or regions, 
allowing RNA amplification; it is also important for 
the synthesis of the viral polyprotein (Rosenberg, 
2001).

The HCV NS3 helicase is composed of three 
separate structural domains (Fig. 1): domain 1 con-
taining NTPase motifs; domain 2 with several con-
served motifs, among them an arginine-rich se-
quence involved in ATP binding (Yao et al., 1997; 
Kwong et al., 2000); and the highly helical domain 3 
with conserved residues (Trp-501 and Glu-493) that 
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are confined only to helicases from HCV and related 
viruses (Lam et al., 2003). No thermodynamic pa-
rameters describing the helicase stability are avail-
able since up to now there has been only one study 
concerning the stability of the HCV helicase-derived 
proteins, namely domain 2 in the presence of dou-
ble-stranded DNA (Liu et al., 2003), and one  on the 
thermodynamic parameters of the HCV helicase in-
teraction with DNA (Levin & Patel, 2002).

Using relaxation filtered nuclear magnetic res-
onance (NMR) experiments, binding of inhibitors to 
the full-length HCV helicase can be detected (Sarver 
et al., 2002), but in spite of recent developments of 
NMR equipment, it is still necessary to study indi-
vidual domains separately to precisely locate sites 
of interaction. Since the HCV helicase aggregates at 
high concentrations and in some experimental condi-
tions (Levin & Patel, 2002; and personal experience), 
we looked for a more stable and non-aggregating 
fragment of the protein that could mimic the bio-
chemical properties of the entire enzyme. Within the 
frame of our project aimed at selecting efficient he-
licase inhibitors we decided to clone the full-length 
HCV helicase and its separate domains, as well as a 
construct covering its two most important domains, 
1 and 2, for NMR, fluorometric and isothermal titra-
tion calorimetry (ITC) studies on the interaction of 
the protein with previously identified anti-helicase 
compounds (Boguszewska-Chachulska et al., 2006).

To check whether proteins expressed in vari-
ous cell systems are properly folded and thus can be 
used in further structural experiments, circular di-
chroism (CD) technique is used, although its applica-
tion for multidomain proteins is still difficult (Kelly 
& Price, 1997). The NMR experiments planned also 
include the determination of thermodynamic param-
eters of inhibitor binding to the helicase domains 

and for this purpose the stability of the separate 
domains must be evaluated. The CD approach is a 
method of choice also for this type of analysis. 

Here we report the preparation of appropri-
ate helicase constructs and results of CD analyses 
performed to evaluate the structural stability of the 
helicase and its subcloned domains, prerequisites 
for further structural studies of this multidomain 
protein.

MATERIALS AND METHODS

Expression and purification of proteins in 
the baculovirus system. The expression and puri-
fication of the full-length HCV helicase and its do-
main 2 were preformed as previously described (Bo-
guszewska-Chachulska et al., 2004).

Cloning and expression of domain 1 of 
the HCV helicase. Domain 1 was cloned in the bi-
functional YpET-30a vector, a recombinant of pET-
30a (Novagen) and pFL38, a kind gift of Dr. M. 
Zagulski (Institute of Biochemistry and Biophys-
ics PAS), using homologous recombination in the 
Saccharomyces cerevisiae BY strain. This method re-
lies on plasmid gap-repair by PCR-generated cas-
settes (Zagulski et al., 2003). Oligonucleotide prim-
ers were obtained from the Laboratory of DNA 
Sequencing and Oligonucleotide Synthesis (Insti-
tute of Biochemistry and Biophysics PAS). HCV-1 
cDNA template (Acc. No. AAA45676) (Kim et al., 
1995) was used to amplify domain 1 with the sense 
primer (GTTTAACTTTAAGAAGGAGATATACATA-
TGGTGGACTTTATCCCTGTGGAG) and the anti-
sense primer (CGGATCTCAGTGGTGGTGGTGGTG-
GTGAGGGGTGGCGGTGGCGAGC) that covered 
the His6-tag coding sequence from the vector (nu-
cleotides corresponding to the sequence of domain 
1 are in bold). Total DNA was isolated from yeast, 
recombinant plasmids were identified by PCR, and 
amplified in Escherichia coli DH5α. The correct se-
quence of the construct was confirmed by restriction 
digestion and sequencing. Protein overexpression 
was carried out in the E. coli BL21(DE3)LysE strain 
in Luria–Bretani medium supplemented with kana-
mycin (50 μg/ml). Cells grown at 37°C until the cul-
tures reached an OD600 of approx. 1.0 were induced 
with 1 mM isopropyl-β-d-thiogalactopyranoside 
(IPTG) and harvested after 4 h of incubation at 37°C. 
The recombinant protein was purified according to 
the protocol established for proteins purified from 
insect cell cultures (Boguszewska-Chachulska et al., 
2004), with some modifications. The pellet from 1 li-
ter of culture was resuspended in 10 ml of buffer A 
(20 mM Tris/HCl, pH 7.0, 500 mM NaCl, and 5 mM 
imidazole). The cells were frozen in liquid nitrogen, 
brought to 37°C and vortexed; freezing and thawing 

Figure 1. Ribbon diagram of the three-domain HCV NS3 
helicase (PDB entry 1A1V).
The hydrophobic β-loop removed from the domain 1+2 
construct is indicated by an arrow.
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were repeated five times. The suspension was centri-
fuged at 20 000 × g at 4°C for 15 min. Subsequently, 
glycerol was added to the clear supernatant to 10% 
and Chaps to 0.05%, the extract was mixed with 1 
ml of Talon Metal Affinity Resin (Clontech) washed 
previously with 10 ml of buffer B (buffer A with 10% 
glycerol and 0.05% Chaps), and left overnight on a 
rocking platform at 4°C. The mixture was washed 
four times with 10 ml of buffer B, and then three 
times with 10 ml of buffer A. Five elutions with 1 
ml of buffer E (20 mM Tris/HCl, pH 7.0, 200 mM 
NaCl and 200 mM imidazole) were performed. The 
concentration of HCV helicase domain 1 was deter-
mined at 280 nm using the molar absorption coef-
ficient of 7680 M–1 cm–1. The absorption coefficient 
was calculated on the basis of protein composition 
by the ProtParam program from the Expasy website 
(http://us.expasy.org).

Cloning and expression of domain 1+2 of 
the HCV helicase. The initial domain 1+2 con-
struct in YpET-30a was obtained as described for 
domain 1. The PCR/recombination primers used 
were: sense GTTTAACTTTAAGAAGGAGATATA-
CATATGGTGGACTTTATCCCTGTGGAG and 
antisense CGGATCTCAGTGGTGGTGGTGGTGGTG-
GGAGGGGCGCTCACCCGGTGC (nucleotides corre-
sponding to the sequence of domain 1 are in bold, 
those corresponding to domain 2 are in italics). To 
enhance protein solubility two outer β-sheet frag-
ments of domain 2 (amino acids 256–286) were re-
moved, as described by Gesell et al. (2001). The con-
struct containing this deletion was obtained by PCR 
amplification of the YpET-30a plasmid including 
the entire sequence of domain 1+2 using appropri-
ate primers (sense AAAggatccAAGCCCCAAGAT-
GCTGTCTCC, antisense CTTggatccGTCGGACG-
TATTGCAGTCTA; nucleotides corresponding to 
the domain 2 sequence are in bold; nucleotides 
corresponding to the BamHI site are in lower case 
and underlined) introducing a sequence coding for 
a loop (SDGSK) to replace the two removed β-sheet 
fragments (CVTQTVDFSLDPTFTIETITL). The PCR 
product, digested with BamHI and re-circularised 
with T4 DNA ligase (Invitrogen), was used to trans-
form E. coli DH5α. Recombinant clones containing 
the newly introduced BamHI site were isolated and 
sequenced. Selected plasmids were used to trans-
form E. coli BL21(DE3)LysE. The modified protein 
was expressed and purified according to the proto-
col developed for domain 1. Its concentration was 
determined using the molar absorption coefficient of 
14 440 M–1 cm–1. All the experiments with domain 
1+2 presented here were carried out using the do-
main 1+2 construct devoid of the hydrophobic loop.

Protein analysis. Extracts and eluates were 
analyzed by 12 or 17% SDS/PAGE and proteins vi-
sualized by Coomassie staining or electrotransferred 

onto an Immobilon-P membrane (Millipore). Proteins 
were detected with rabbit polyclonal anti-HCV heli-
case antibodies (obtained at the State Veterinary Insti-
tute, Puławy, Poland), followed by a goat anti-rabbit 
IgG (whole molecule)-alkaline phosphatase conjugate 
(Sigma) as secondary antibodies. The immunoreactive 
proteins were revealed colorimetrically using chromo-
genic substrates (NBT/BCIP Solution, Roche). 

CD measurements. Initial stock solutions of 
the HCV helicase and its domains were prepared 
in 50 mM NaiPO4 buffer, pH 7.6, and 0.3 M NaCl. 
Far UV-CD spectra were measured in a cell with a 
2 mm path-length at 200–270 nm with an AVIV 202 
spectropolarimeter, and the thermal denaturation of 
domain 1+2 was carried out using a JASCO J-810 
spectropolarimeter. The experimental parameters 
were the following: temperature 25oC; bandwidth 1 
nm; wavelength step 1 nm; averaging time 1 s. CD 
spectra analyses were performed for the full-length 
helicase, its separate domains 1 and 2, and the con-
struct corresponding to domains 1+2.

Measurements performed at various tempera-
tures were carried out in 50 mM NaiPO4 buffer, pH 
7.6, and 0.3 M NaCl in a 300 μl cell with a 2 mm opti-
cal path-length. The temperature varied in the range of 
30 to 80oC with a gradient of 2oC/min. The unfolding 
process was monitored in 2oC steps at 220 nm with an 
averaging time of 3 s. Refolding was induced by tem-
perature decrease to 30oC with a gradient of 2oC/min.

Titration analysis was performed by stepwise 
replacement of 10 μl of the protein solution in the 
sample cell by 6 M denaturant (guanidine hydro-
chloride, GuHCl) in 50 mM NaiPO4 buffer, pH 7.6, 
with 0.3 M NaCl. Since the molar ellipticity of the 
HCV helicase was independent of the protein con-
centration, this type of titration experiment was 
used to reduce the amount of protein required. Five 
independent titration experiments starting with 0, 
1, 2, 3 and 4 M GuHCl were performed with the 
number of replacements sufficient to obtain a signifi-
cant overlap of concentration ranges in subsequent 
experiments. Finally, spectra were measured in 6 M 
GuHCl as a reference for the unfolded protein.

Analysis of CD spectra. In order to judge 
whether the protein fragments were properly folded, 
the partition of secondary structure elements was es-
timated with the help of the CDNN program (Bohm 
et al., 1992) based on a neural network trained on 
a set of 23 proteins. Due to intensive scattering in 
the short wavelength region, the structural analyses 
were performed on the basis of data obtained for the 
restricted spectral range of 200–270 nm.

Modelling of partially irreversible thermal 
denaturation. Numerical analysis of the thermal de-
naturation of the protein was based on the three-state 
Lumry–Eyring model of unfolding (Lumry & Eyring, 
1954; Frost & Pearson, 1961) describing the folding-
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unfolding equilibrium in the presence of an irrevers-
ibly unfolded form, according to the general scheme:

where N and U are the native and unfolded states 
experiencing the equilibrium characterized by the 
middle point temperature, TU, and the free energy 
change upon the transition, ΔGU, according to the 
relation:

Bearing in mind that the transition to a final 
irreversibly unfolded state, F, undergoes efficiently 
only in the relatively narrow temperature range in 
which the reversibly unfolded state, U, is significant-
ly populated (cf. Eqn. 4), the temperature depend-
ence of the rate of the U→F transition, kf, may be 
neglected:

As it was additionally verified, the estimated 
changes of the rate kf varied within a narrow range 
of approx. 10% for experimental temperatures rang-
ing from 30 to 80oC. The above assumption did not 
decrease the quality of the mathematical model, sig-
nificantly improving the stability of the optimization 
procedure used. Finally, the concentration balance 
involving three types of species is described by the 
following system of Eqns:

where xi is partition of the i-th form of the protein. 
Bearing in mind that the unfolding experiment is 
performed by discrete step-wise changes of tempera-
ture (2oC jump followed by 1 min equilibration), 
and the reversible unfolding is characterized by the 
equilibrium constant K, the above Eqns could be for-
mally separated into time-dependent and time-inde-
pendent Eqns:

where K and kf are defined in Eqns 2 and 3, respec-
tively. Assuming that the initial partition of the irre-

versibly unfolded form at the beginning of the equil-
ibration period performed at temperature T equals 
xF(T,0), the time-dependent part of Eqn. 5 could be 
formally integrated, giving the general formula:

Eqn. (6) is to be summed over all the discrete 
temperature changes of the system, while K is de-
fined by Eqn. (2) and kf  is defined by Eqn. (3). The 
system response function, θ(T), e.g. 222 nm ellipticity 
measured after 1 min equilibration at temperature T, 
was then analyzed as the function resulting from the 
sequence of preprogrammed changes of the sample 
temperature, according to the formula:

where θN and θU are the ellipticity of the native and 
unfolded states, respectively, and aN, aU and C serve 
as the first order correction for the θ(T) relation-
ship. The thermodynamic parameters: ΔGU, TU and 
ko, together with the CD-related parameters: θN, θU, 
aN, aU and C were then optimized to obtain the best 
agreement between the simulated and experimental 
data. To improve the numerical stability of the al-
gorithm used, the three types of thermal unfolding 
experiments were performed separately, but subse-
quently globally analyzed upon single optimization. 

The standard experiment of thermal unfold-
ing was enhanced by additional experiments in 
which the temperature was decreased after reaching 
the assumed level, TR, and, when needed, the sam-
ple was additionally incubated for a given time, τR, 
at the temperature TR. For every sample the set of 
TR values and possible usage of τR delays were ra-
tionalized individually. Generally, at least three dif-
ferent TR values were chosen in the 2–3oC range of 
the apparent middle point of  the N ↔ U transition 
recorded in the standard experiment. The possible 
delay, τR, was set to additional 5 min following 1 
min equilibration at the temperature TR.

Modelling GuHCl-induced unfolding. Anal-
ysis of the GuHCl titration experiments was based 
on the model of a sequence of independent two-state 
transitions. For an individual transition the partition 
of the folded protein, xN, was assumed in the form:

where ΔGU is a measure of the protein stability 
in denaturant-free solution, T is the temperature, 
[GuHCl] is the concentration of the unfolding agent, 
and m is the efficiency of the unfolding agent. Multi-
state transitions were modelled as the superposition 
of independent two-state processes.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)
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When the partition of the folded structure 
was estimated from CD spectroscopic measurements 
at 222 nm as a function of either temperature or de-
naturing agent concentration, the model parameters 
were optimized using the Marquardt–Levenberg 
non-linear least-squares algorithm (Marquardt, 1963) 
implemented in Gnuplot 4.1 (Williams & Kelley, 
2007). 

RESULTS AND DISCUSSION 

Overexpression and purification of the HCV heli-
case and its domains

The HCV helicase and domain 2 were puri-
fied for structural studies with a yield of 15 mg 
helicase and 20 mg domain 2 per liter of culture, as 
described previously (Boguszewska-Chachulska et 
al., 2004). To facilitate cloning of domain 1 that re-
mained very difficult in spite of various approaches 
applied, we used a bifunctional vector, YpET-30a, 
constructed by recombination, where the autono-
mous replication/centromeric sequence (ARS-CEN) 
region and a selection marker gene complement-
ing uracil auxothrophy (URA3) from pFL38 were 
inserted into pET-30a. This vector made immediate 
cloning of domain 1 and domain 1+2 possible by ho-
mologous recombination in yeast.

Domain 1 and domain 1+2 were expressed as 
C-terminally His6-tagged fusion proteins in E. coli. 
Non-denaturing cell lysis was followed by native pu-
rification on Talon Resin that resulted in 95% purity 
as estimated by SDS/PAGE and Coomassie staining 
(Fig. 2) with 10 and 9 mg/l of protein, respectively. 

The lysates and purified proteins were ana-
lyzed by Western blot using polyclonal rabbit anti-
bodies against the NS3 helicase (Fig. 3). The results 
obtained confirmed the identity of the proteins and 

showed that both proteins carried helicase-specific 
epitopes. The size of the proteins verified by mass 
spectrometry (MS) showed that the recombinant 
proteins had the expected molecular masses of 17.3 
and 32.4 kDa, respectively. Thus the use of a re-
combinant vector and homologous recombination in 
yeast makes it possible to overcome frequent prob-
lems with cloning in protein expression vectors and 
facilitates further modifications of cloned constructs, 
such as deletions of fragments of coding sequences. 
It should be stressed, however, that several clones 
must be analyzed and sequenced because a sig-
nificant level of mutations was observed when this 
cloning method was applied.

Structural analysis of purified proteins

CD experiments were carried out with 3–15 
μM helicase-derived proteins. All the proteins stud-
ied, the full-length HCV helicase, its separate do-
mains 1 and 2, and the construct encompassing do-
mains 1 and 2, displayed CD spectra adequate for 
the expected partitions of the secondary structure 
elements (Fig. 4), clearly indicating that all the pro-
teins analyzed were initially properly folded.

Thermal resistance of proteins

The thermal stability of the HCV helicase ap-
peared relatively low since thermal unfolding of 
the enzyme was initiated at 35oC, and above 60oC 
the partially unfolded protein precipitated. Primary 
numerical analyses of the process showed that the 
main transition occurs at the temperature Tapp = 
54.8oC (Table 1). At higher temperatures the protein 
aggregates, exhibiting residual ellipticity; this indi-
cates that some protein regions still preserve their 

Figure 2. Expression and purification of helicase do-
mains analyzed by SDS/PAGE and detected by Coomas-
sie staining.
Lane 1, prestained molecular markers (SM0671, Fermen-
tas); lane 2, lysate of domain 1; lane 3, flow-through of 
domain 1; lane 4, domain 1 purified on Talon resin; lane 
5, lysate of domain 1+2; lane 6, flow-through of domain 
1+2; lane 7, domain 1+2 purified on Talon resin.

Figure 3. Western blot analysis of expression of domains 
1 and 1+2.
Lane 1, prestained molecular markers (SM0671, Fermen-
tas); lane 2, lysate of domain 1; lane 3, purified domain 1; 
lane 4, lysate of domain 1+2; lane 5, purified domain 1+2; 
lane 6, negative control (BL21 lysate); lane 7, positive con-
trol (full-length HCV helicase).
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helical structure. Since no ellipticity recovery was 
observed upon cooling of the protein from 80 to 
30oC, the helicase thermal denaturation process must 
be regarded as irreversible. The simplest thermody-
namic model of an irreversible unfolding transition 
proposed by Lumry and Eyring (1954) assumes that 
the unfolded protein, U, may be irreversibly trans-
ferred within the first order reaction U → F to a final 
state, F. Taking into account that the parameters of 
the Lumry–Eyring model fitted to the standard un-
folding experiment were found strongly correlated, 
four additional experiments were performed. They 
encompassed partial thermal unfolding of the pro-
tein, followed by cooling. The protein sample was 
heated to 60oC and then cooled to 30oC. Since this 
experiment also led to irreversible protein unfolding, 
the next protein sample was heated only to 50oC. 
The next experiment covered the same temperature 
range, but at 50oC the sample was incubated for ad-
ditional 5 min. In the last experiment the protein 
sample was heated to 55oC, incubated for 5 min and 
finally cooled to 30oC. 

As presented in Fig. 5, the set of data ob-
tained in these five independent experiments cov-
ers most of the ellipticity vs. temperature diagram. 

It must be pointed out that to reduce the influence 
of sample preparation procedure all the experiments 
were done using the same stock of the protein. The 
middle-point temperature of the unfolding process, 
TU, was estimated as 86oC, significantly exceeding 
the apparent value of 55oC estimated from the single 
30–80oC unfolding experiment. As appears clearly in 
the right panel of Fig. 5, the unfolded protein is im-
mediately converted into an irreversible form, F, and 
as a consequence, even the partial loss of ellipticity 
cannot be recovered upon cooling (Fig. 5, left panel). 
This causes the shift of the apparent middle-point 
temperature as large as approx. 25oC.

The construct of domain 1+2 unfolds at Tapp 
= 55.5oC. As for the parent protein, a series of heat-
ing–cooling experiments were also performed. Three 
top temperatures (TR = 53, 55 and 56oC) were probed, 
and no incubation at the highest temperature was re-
quired. In contrast to the full-length HCV helicase, a 
partial recovery of the ellipticity was observed upon 
cooling, with an experimentally estimated rate of 0.5 
min–1. This indicates that the rate of transition from 
the unfolded state, U, to the irreversibly unfolded 
state, F, is strongly decreased. The average rate, kf, 
is approximately three orders of magnitude lower 
than for the full-length helicase: 7.2 × 10–3 s–1 vs. 11 
s–1. The estimated parameters of the Lumry–Eyring 
model indicate that the two-domain construct is 
thermodynamically less stable than the full-length 
helicase, with an unfolding middle-point at 56oC and 
the free energy change of 44 kcal/mol, but in fact the 
decreased rate of the irreversible unfolding proc-
ess causes that the construct displays an improved 
resistance to short-time heating (Fig. 5). Since the 
refolding rate, U → N, is comparable to the U → F 
transition rate, partial refolding of the protein could 
be achieved, whose efficiency depends on the high-
est temperature reached. Generally, the lower the 
maximal temperature to which the protein is heated, 
the larger is the amount of refolded protein. 

The separate domain 1 of the HCV helicase is 
significantly less stable than the full-length helicase 

Figure 4. Far-UV CD spectra of the HCV helicase, its 
separate domains 1 and 2, and domain 1+2.
The spectra agree with the partitions of secondary struc-
ture elements deduced from the known 3D structure of 
the HCV helicase.

Table 1. Thermodynamic parameters describing thermal unfolding of domain 1 of the HCV helicase placed in differ-
ent sequential contexts estimated according to the Lumry–Eyring multi-state transition model

HCV Helicase Dom. 1+2 Dom. 1 Dom. 2

Tapp [oC] 54.8 ± 0.3 55.5 ± 0.3 50.8 ± 0.2 82.9 ± 2

TU [oC] 85.6 ± 2 56.1 ± 1 52.7 ± 1 89.5 ± 5

ΔGu [kJ/mol] 18.4 ± 3 43.9 ± 3 24.5 ± 1 8.4 ± 0.5

kR [10–3 s-1] 0 7.1 5 0

kf [10–3 s-1] 11500 7.2 7.7 4.1

Tapp and TU are the apparent and estimated middle-point temperature of the unfolding, and ΔGu is the free energy change upon unfold-
ing estimated at middle-point temperature, TU. The values kf and kR are the estimated rates of conversion of unfolded state to the final (F) 
and folded (N) states, respectively (cf. Eqn. 1). Domain 2 unfolds at the apparent temperature of 83oC when excised from the full-length 
protein, and remains folded even when domain 1+2 and the entire HCV helicase start to aggregate.
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and domain 1+2, with a transition appearing at Tapp 
= 50.8oC. After heating to 50oC and 5 min incuba-
tion, the protein refolds with an apparent rate of 
0.3 min-1. Unfortunately, no acceptable parameteri-
zation of the model was found. The best one, pre-
sented in Fig. 5, was used for the rough estimation 
of the U → F transition rate. This was achieved by 
neglecting the first five minutes of protein refolding, 

and led to a rate of the irreversible step estimated as 
8 × 10–3 s–1. The unfolding middle-point was found to 
be 53oC, close to that of the domain 1+2 construct. 

In contrast to domain 1, domain 2 is signifi-
cantly more stable, even more than the full-length 
HCV helicase, and up to 50oC (Fig. 5) no thermal 
unfolding is observed. A characteristic shape of the 
changes in ellipticity starting at about 60oC is also 
clearly detectable in the unfolding transitions of the 
full-length helicase and domain 1+2. This unam-
biguously demonstrates the multidomain character 
of the HCV helicase. The dominating transition ap-
pears at Tapp = 83oC. The cooling procedure showed 
no recovery of ellipticity. Since an additional experi-
ment, performed with a 2-fold decreased concentra-
tion of domain 2, displayed no significant changes 
(not shown), it must be concluded that the final, ir-
reversible unfolding is concentration-independent, 
and thus is not directly coupled with protein aggre-
gation. The analysis performed on the basis of the 
Lumry–Eyring model estimated the transition tem-
perature, TU, as approx. 90oC.

Chemical unfolding of the HCV helicase and its 
domains

In parallel, alternative titration experiments 
were performed at a constant temperature with 
the use of GuHCl as a denaturing agent to avoid 
protein aggregation upon unfolding. Independent 
experiments performed with  partially unfolded 
protein proved that HCV helicase samples in 2–3 
M GuHCl spontaneously aggregate at the rate of 
0.03 min–1. Thus all the experiments concerning the 
full-length HCV helicase were performed within 15 
min after the sample preparation, and immediately 
after GuHCl addition. The construct comprising do-
mains 1 and 2 was more stable, and when partially 
unfolded, aggregated at the rate of 1.2 × 10–3 min–1. 
Separate domains 1 and 2 were stable, even when 
partially unfolded. 

Taking into account the aggregation-related 
restrictions, for each protein five independent exper-
iments consisting of a series of successive injections 
of 6 M GuHCl were carried out at 0, 1, 2, 3, 4, and 
5 M GuHCl. In all cases the changes of molar ellip-
ticity extracted from five separate experiments fell 
on a continuous curve after correction for protein 
dilution, justifying the method used (Fig. 6). As an 
additional control, spectra of each protein were also 
recorded in 6 M GuHCl. 

The experiments carried out with the separate 
domains led to an estimate of free energy change, 
ΔGU, upon unfolding of 28 and 26 kJ/mol for do-
main 1 and domain 2, respectively (Table 2). Despite 
the comparable values of free energy stabilization, 
the two unfolding profiles differ significantly. This 

Figure 5. Thermal denaturation of the HCV helicase 
(HEL), domain 1+2, domain 1, and domain 2 monitored 
at λ = 220 nm.
Symbols follow experimental data and solid lines repre-
sent three-state Lumry-Eyring models fitted (left panels). 
The estimated partitions of the native (thin line), unfolded 
(thick line), and irreversibly unfolded (dotted line) states 
during the basic experiment of heating the samples be-
tween 30 and 80oC are presented in the right panels. The 
parameters of the models are summarized in Table 1.
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results from a difference in the sensitivity to the 
denaturant, m, 19 and 7 kJ mol–1 M–1, respectively. 
This finding is in agreement with the thermal un-
folding analyses, where the denaturation profiles 
significantly differed with respect to the transition 
temperature, TU.

The GuHCl unfolding profile recorded for 
the construct of domain 1+2 demonstrates the ex-
istence of two well-separated transitions, putatively 
corresponding to sequential unfolding of the two 
protein domains. More precisely, the transition cor-
responding to the unfolding of domain 1 is cen-

tered almost entirely in the same region as found 
for the separate domains (about 1.3 M GuHCl), 
while domain 2 unfolds slightly more easily in the 
1+2 construct, at 3.1 M GuHCl, than when separate, 
at 3.8 M GuHCl. However, the transition model pa-
rameterized, based on the free energy changes esti-
mated for the separate domains, makes it possible 
to reconstruct the experimental data in an accept-
able manner. It is worth pointing out that at high 
GuHCl concentrations, the mere existence of the 
unfolded domain 1 causes a slight destabilization 
of its folded neighbor. 

In the case of the full-length HCV helicase, a 
continuous process of protein denaturation occurs in 
almost the entire denaturing range used, suggesting 
that a type of multi-step cooperative unfolding of the 
helicase domains, additionally coupled with protein 
aggregation, takes place. The application of models 
of either sequential or independent transitions gen-
erally failed. The only reliable model obtained cor-
responds to a simple two-state transition, for which 
the apparent parameters, ΔGU = 4.4 kJ mol–1, m = 3.3 
kJ mol–1 M–1, could not be related to any of the pre-
viously presented data. Since the full-length helicase 
tended to insensitively aggregate when partially un-
folded, no further analysis was performed. 

A comparison of the thermodynamic param-
eters determined for the four proteins studied pro-
vides an insight into the pattern of intramolecular 
interactions influencing the stability of helicase do-
mains. Thus, domain 2 excised from the context of 
the full-length protein is stable up to 60–62oC and 
at 25oC is stable in 3 M GuHCl. The full-length heli-
case starts to aggregate at 60oC, when its domain 2 
is still almost completely folded. This results in an 
almost linear profile of ellipticity changes in the high 
temperature region. Domain 1, unfolding separately 
at TU = 51oC, is stabilized by interactions with the 
neighboring domain 2 in both the domain 1+2 con-

Table 2. Thermodynamic parameters describing GuHCl-induced unfolding of the HCV helicase and its domains 
placed in different contexts

ΔG1

[kJ mol–1]
m1

[kJ mol–1 M–1]
C1 

[M]
ΔG2 

[kJ mol–1]
m2 

[kJ mol–1 M–1]
C2 

[M]

Helicase –4.4 ± 1.3 3.3 ± 0.6 1.36

Dom. 1+2 –14.2 ± 2.2 11.8 ± 1.8 1.21 –46 ± 13 15 ± 4 3.10

–27.3* 22.6 ± 0.5 1.21 –25.9* 8.7 ± 0.2 2.98

Dom. 1 –27.3 ± 1.7 18.6 ± 1.1 1.47

Dom. 2 –25.9 ± 2.5 6.9 ± 0.5 3.77

ΔGi, free energy change; mi, sensitivity to the denaturant, Ci, GuHCl concentration at the middle-point of unfolding transition; *con-
strained at the value estimated for the separate domain. The unfolding of domain 1+2 agrees with the superposition of the unfolding 
phenomena of the separate domains, while the entire helicase exhibits a qualitatively different unfolding profile (Fig. 6). All the values 
were determined at 25oC.

Figure 6. GuHCl-induced denaturation of domain 1, do-
main 2, domain 1+2 and the HCV helicase (HEL), moni-
tored at λ = 220 nm.
Circles correspond to experimental data, solid lines repre-
sent theoretical models. The two-state unfolding processes 
were modelled with the only exception of domain 1+2, for 
which the sequence of two two-state transitions was ap-
plied. The parameters of the models presented are assem-
bled in Table 2.
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struct and in the full-length helicase, leading to an 
increase of its thermal stability by approx. 4oC. 

Domain 3 seems crucial for the protein stabil-
ity. It exhibits the lowest resistance to both the tem-
perature and the denaturant. Its unfolding causes in-
tensive protein aggregation rendering the full-length 
helicase apparently unstable. Unfortunately, our ef-
forts to experimentally confirm these results by ex-
pressing domain 3 in bacteria led to the conclusion 
that it is toxic for prokaryotic cells. 

The domain 1+2 construct is significantly 
more stable than the entire helicase, exhibiting a ten-
dency towards aggregation decreased by three or-
ders of magnitude. Both the thermal and denaturant 
stability of this construct are in agreement with the 
properties of separate domains 1 and 2, and, accord-
ing to the thermodynamic data (Tables 1 and 2), in 
both cases the unfolding of domain 1 precedes the 
denaturation of domain 2. In contrast to the domain 
1+2 construct, the entire HCV helicase displays a co-
operative-like unfolding profile upon both thermal 
and chemical denaturation. This clearly indicates 
that multidomain proteins are complicated systems 
whose thermodynamic properties are not deter-
mined by simple superposition of those estimated 
for separate domains.

Finally, it must be pointed out that based 
on their mass, solubility and stability, both do-
mains as well as the two-domain construct adopt 
secondary structures close to that observed in the 
full-length protein, and represent good targets for 
both NMR-based and ITC-monitored drug screen-
ing. Our preliminary NMR results, as well as 
those of Liu and Wyss (2000; 2001) fully support 
these conclusions. 

The CD analysis method presented, by es-
timating the stability and proper folding of sub-
cloned domains, allows evaluation of the feasibil-
ity of further structural studies such as NMR or 
crystallization even for only partially characterized 
proteins. 

It is worth noting that, in contrast to mechan-
ical stretching (Cieplak & Sulkowska, 2005), the or-
der of chemical denaturation processes agrees with 
that of thermal unfolding.
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